Multiple mechanisms contribute to the generation, propagation, and coordination of 8 rhythmic patterns necessary for locomotion in Caenorhabditis elegans. Current experiments have 9 focused on two possibilities: pacemaker neurons and stretch-receptor feedback. Here, we focus on 10 whether locomotion behavior can be produced by a chain of network oscillators in the ventral 11 nerve cord. We use a simulation model to demonstrate that a repeating neural circuit identified in 12 the worm's connectome can be chained together to drive forward locomotion on agar in a 13 neuromechanical model of the nematode, in the absence of pacemaker neurons or 14 stretch-receptor feedback. Systematic exploration of the space of possible solutions reveals that 15 there are multiple configurations that result in locomotion that match the kinematics of the worm 16 on agar. Analysis of the best solutions reveals that gap junctions between different classes of 17 motoneurons are likely to play key roles in coordinating oscillations along the ventral nerve cord. 18 19 40 1 of 24 Manuscript submitted to eLife that modulate C. elegans locomotion (Tavernarakis et al., 1997), as well as evidence of a direct 41 relationship between body curvature and neural activity (Wen et al., 2012). However, coordinated 42 rhythmic patterns can also be produced internally, while remaining open to modulation through 43 external contributions. Central pattern generators (CPGs) are known to be involved in a wide variety 44 of behaviors in a number of different organisms, including insect flight, swimming in molluscs, gut 45 movements in crustaceans, and swimming and respiration in vertebrates (Marder and Bucher, 2001; 46 Goulding, 2009; Katz, 2016; Arshavsky et al., 2016; Dasen, 2018; Minassian et al., 2017). In a CPG, 47 the rhythmic pattern can be generated through the intrinsic oscillatory properties of pacemaker 48 neurons or it can emerge from the interaction of networks of non-oscillatory neurons (Goulding, 49 2009). Recent experiments have provided support for the role of intrinsic oscillations in C. elegans 50 locomotion (Gao et al., 2018; Fouad et al., 2018; Xu et al., 2018). Although the work attributes the 51 source of these rhythm generators to pacemaker neurons, the evidence provided does not discard 52 the possibility of network oscillators (Wen et al., 2018). 53 It is increasingly acknowledged that simulation models play an important role in elucidating 54 how brain-body-environment systems produce behavior (Ijspeert, 2008; Abbott, 2008; Izquierdo, 55 2018). In C. elegans, there has been an surge of theoretical work focused on understanding the 56 neuromechanical basis of locomotion. Several computational models have demonstrated that 57 proprioception alone can be used to generate rhythmic patterns and propagate them along the 58 body (Niebur and Erdös, 1991; Karbowski et al., 2008; Boyle, 2009; Mailler et al., 2010; Wen et al., 59 2012; Izquierdo and Beer, 2018; Fieseler et al., 2018; Gleeson et al., 2018). There have also been a 60 number of models that have considered the potential role of CPGs in C. elegans locomotion (Deng 61 and Xu, 2014; Palyanov et al., 2018; Denham et al., 2018; Kunert et al., 2014). Some of these 62 models have considered a CPG in the head circuit (Izquierdo and Beer, 2018) or in the command 63 interneurons (Deng and Xu, 2014). Some of the models show how sinusoidal functions alongside 64 the ventral nerve cord can drive a mechanical body to produce movement (Palyanov et al., 2018; 65 Denham et al., 2018). Only a few studies have considered the generation of rhythmic patterns from 66 network oscillators in neuroanatomically-grounded models of the ventral nerve cord (Kunert et al., 67 2014; Olivares et al., 2018). However, these models have not considered the dynamic interaction of 68 these neural patterns with the mechanical body and environment to produce movement. 69 Current models have left a major question unanswered: Can multiple network oscillators in the 70 ventral nerve cord coordinate their activity to produce the traveling wave necessary for forward 71 locomotion in the absence of either pacemaker neuron activity or stretch-receptor feedback? In this 72 paper, we present a model of multiple network oscillators driving forward locomotion grounded in 73 the neurobiology, anatomy, and biomechanics of the worm. The model integrates multiple repeating 74 neural units in the VNC based on a statistical analysis of the available connectome data (Haspel 75 and O'Donovan, 2011). Motoneurons innervate an anatomically grounded model of the muscles. 76 The neuromuscular system is embedded in a model of the biomechanics of the worm's body (Boyle 77 et al., 2012). We used an evolutionary algorithm to explore the space of unknown parameters of the 78 VNC motoneuron such that the integrated neuromechanical model matched the speed of the worm 79 during forward locomotion on agar. The models closely resemble the kinematics of movement and 80 the effect on behavior of manipulations in the neurons and body observed for forward locomotion 81 studies in the worm (Fouad et al., 2018; Xu et al., 2018) . The models demonstrate that coordination 82 across neural units in the VNC can be achieved by the electrical synapses and that the coordination 83 can happen in the anterior and posterior direction. Detailed analysis of the operation of the model 84 sheds further light on the mechanisms that can generate and propagate oscillations in the worm 85 and leads to a number of experimental predictions. 86 131 dorsoventral oscillations in the head and the tail. In both conditions, we observed a sharp reduction 132 in dorsoventral bending in the head, but only a slight reduction of dorsoventral bending in the 133 posterior regions of the body in all 15 solutions (Fig. 3A). Furthermore, coordination of the multiple 134 oscillators in the posterior part of the body remained intact (see example from one model worm 135 in Fig. 3B). Therefore, as with the worm, posterior dorsoventral bending persists in model worms 136 despite anterior paralysis. 137 4 of 24
Introduction 20
Understanding how behavior is generated through the interaction between an organism's brain, its 21 body, and its environment is one of the biggest challenges in neuroscience (Chiel and Beer, 1997 ; 22 23 it is one of the main ways that organisms use to interact with their environments. Moreover, 24 locomotion represents a quintessential example of how behavior requires the coordination of 25 neural, mechanical, and environmental forces. Caenorhabditis elegans is an ideal candidate organism 26 to study the neuromechanical basis of locomotion because of the small number of neurons in its 27 nervous system and the reconstruction of its neural and muscle anatomy at the cellular level (White . 32 As with many other organisms, there are likely multiple mechanisms, internal and external, 33 contributing to the generation, propagation, and coordination of rhythmic patterns controlling (White et al., 1986 ). There has since been evidence of mechanically gated channels
Chiel et al., 2009; Krakauer et al., 2017). Understanding locomotion is particularly critical because

Results
87
Multiple CPGs can coordinate to produce forward locomotion in the worm 88 In previous work, we demonstrated the theoretical feasibility of a CPG in a small repeating subcircuit 89 of the ventral nerve cord without pacemaker neurons (Olivares et al., 2018) . Can this repeating 90 circuit coordinate oscillations across the complete length of the worm to produce not just a 91 dorsoventral oscillation, but a propagating wave in the absence of stretch-receptor feedback? In 92 order to address this question, we modeled an extended version of the circuit that includes all VNC 93 motoneurons, intra-unit (black) and interunit (red) chemical and electrical connections (Fig. 1) . We 94 embodied and situated the model circuit within the model muscles, model body, and model agar 95 environment, while deliberately leaving out stretch-receptor feedback. Then, we used a stochastic 96 optimization technique to search for configurations of the circuit's parameters that reproduced 97 forward locomotion. Despite the absence of stretch-receptor feedback, when simulated, all selected 98 model worms exhibited regular dorsoventral bends that propagated from head to tail (see example 99 of one model worm in Fig. 2) . In other words, the search consistently found configurations of 100 the neuroanatomical circuit that could produce forward locomotion through the coordination (Izquierdo and Beer, 2018) , are modeled as elements that lie along the cuticle that can contract and relax in the dorsoventral plane and that are staggered along the ventral and dorsal sides of the worm (blue ovals). Muscle force is distributed across all lateral elements they intersect. We modeled the motoneurons in the ventral nerve cord as a network composed of seven identical subunits. We relied on a statistical analysis of the motoneurons in relation to the position of the muscles they innervate to identify the most common connections (Haspel and O'Donovan, 2011) . One of seven repeating neural subunits is shown in complete detail. Intraunit connections are shown in black. Interunit connections are shown in red. Chemical synapses are shown with arrows. Gap junctions are shown as connections with line endings. All subunits innervate three ventral and dorsal muscles, except the most anterior and the most anterior subunits which innervate four muscles. 124 The model presented here is consistent with this experimental finding. In order to demonstrate this, 125 we replicated the experimental condition on the model worms in two ways. First, we suppressed 126 the neuromuscular junction activity for the three anterior-most neural units. Second, we silenced 127 the neural activity of all neurons in those same three anterior-most neural units. Note that taking 128 into consideration the suppression of stretch-receptor feedback was not necessary given that 129 this model did not include stretch-receptor feedback. We examined the resulting kinematics of 130 movement under both conditions. Specifically, we measured the magnitude of the amplitude of the effect was more pronounced in the tail than in the head (Fig. 3E ). Accordingly, the velocity of 159 the simulated worms also decreased as the strength of the gap junctions was increased, leading 160 ultimately to total paralysis ( Fig. 3F ). Therefore, as with the worm, overexpression of the B-class gap 161 junctions leads to paralysis.
162
Mechanisms of oscillation and coordination in the ensemble of model worms 163 In the previous section we provided evidence that the simulated model worms can produce loco-164 motion without stretch receptors and without pacemaker neurons in a way that both resembles 165 the kinematic characterization of the worm's forward movement on agar and is consistent with key 166 findings from various experimental manipulations. This suggests that the way these model worms 167 operate could be illustrative for understanding the mechanisms responsible for locomotion in the 168 worm. Two basic mechanisms are necessary for a chain of CPGs to drive locomotion in the worm. 169 First, a network of neurons must be able to generate oscillations intrinsically. Second, adjacent 170 CPGs must coordinate oscillations with the appropriate phase delay along the anteroposterior axis. 171 In what follows, we examine the model worms in detail to answer the following two key questions: To evaluate necessity, we ablated the connection in question and examined the worm's ability to move forward (solid disks). To evaluate sufficiency, we ablated all but the connection in question and again examined the worm's ability to move forward (circles). Analysis of all 15 solutions revealed three categories of strategies for coordination. "Simple" solutions correspond to those in which a single gap junction is both necessary and sufficient to coordinate the chain of oscillators that drive locomotion. These group of solutions are further subdivided based on which of the three gap junctions is responsible for coordinating the subunits: VD⊢ ⊣DB +1 , DA⊢ ⊣AS +1 , and AS⊢ ⊣VA +1 . "Redundant" solutions are those in which more than one solution is sufficient to drive locomotion. "Complex" solutions are those in which no single gap junction is responsible for coordinating between units. Asterisks in the x-axis label mark the solutions with the highest single sufficient connection from each of the solutions in the "Simple" groups.
Oscillations coordinate through a combination of three key interunit gap junctions: AS- remains consistent with what has been observed in the worm (Fig. 7B ). Because all three solutions 230 can generate movement forward, we know that the multiple CPGs along the body coordinate 231 to achieve the required phase shift. From the previous section we also know that an individual 232 synapse is sufficient to coordinate the oscillations. In this section, we examine how the coordinated 233 phase-shift is achieved in each of these solutions. 234 Directionality of coordination 235 The first thing we need to understand about coordination in these circuits is their directionality. ones, and not the other way around. In order to test this hypothesis, we performed an entrainment 246 analysis. We introduced a shift in phase first in the anterior-most neural unit and then in the 247 posterior-most neural unit, and we measured the degree to which the rest of the neural units 248 adopted the new phase ( Fig. 7C1 ). As expected, when the phase was shifted in the anterior-most 249 unit, the rest of the body adopted that shift successfully; when the phase was shifted in the 250 posterior-most unit, the rest of the body was unaffected. 251 Second, in the solution that relies on the AS⊢ ⊣VA +1 gap junction (Fig. 7A3) , the anatomy suggests The second aspect of the coordination that is crucial to understanding how locomotion is generated 273 is the shift in phase between adjacent neural units. In order to examine this, we identified the 274 approximate shift in phase that occurs at every step of the way from the DB neuron in one unit 275 to the DB neuron in the adjacent unit ( Fig. 8) . We selected to measure the shift in phase between determined from the directionality analysis in the previous section. The first thing to note is that 288 the path is different for each network (Fig. 8) . Second, the shift in phase between two neurons is 289 different among the different networks. For example, in one of the solutions (Fig. 8A) , DB→AS is 290 linked to an eight-degree shift in phase between DB and AS, whereas the same connection is linked 291 to a 72-degree shift in phase in another network (Fig. 8B) . However, despite the differences in how Interunit gap junctions present in connectome 301 It is important to recall that the repeating neural unit upon which we based our model is only a 302 statistical summary of the VNC (Haspel and O'Donovan, 2011) . In this section, we address how 303 the key components that we have identified map onto the actual neuroanatomy of the worm. 304 We examined the most recent reconstructions of the hermaphrodite and the male (Varshney interunit gap junctions responsible for coordinating the multiple oscillators in the model worms. 307 We found that all three key components occur in a large portion of the ventral nerve cord in 308 both hermaphrodites and males (Fig 9) . Moreover, because the connectome reconstruction is still For the hermaphrodite, each connection is marked as appearing in one or more of the following three datasets: j (Jarrell et al., 2012) , v (Varshney et al., 2011) , or c (Cook et al., 2019) . For the male, each connection is marked as appearing in one or more of the following two datasets: j (Jarrell et al., 2012) , or c (Cook et al., 2019 ). Xu et al., 2018) . Analysis of representative solutions revealed a number of key insights. First, 330 the models demonstrate that oscillations can be generated in a small subcircuit within each subunit 331 of the model. This CPG mechanism is consistent with previous modeling work (Olivares et al., It has been proposed that generating intrinsic network oscillations is difficult because the net-370 work would have to rely extensively on inhibitory connections (Cohen and Denham, 2019) . However, 371 in this work and in our previous work (Olivares et al., 2018) , the evolutionary search revealed shifts across different subunits and ultimately to very similar forward locomotion behavior. This is 383 an interesting proof of concept that the same network structure, with different network parameters, 384 can nevertheless converge on functionally relevant aspects of the behavior. 385 Despite the breadth of knowledge available about the connectome, the worm's nervous system 386 remains highly underconstrained. Our approach takes this issue seriously, generating multiple 387 possible hypotheses for how different patterns of activity could lead to the observed behavior. 388 The strength and uniqueness of the approach is that it integrates connectomic and behavioral 389 data to infer candidate configurations of synaptic properties. As experiments that map neural 390 manipulations to behavioral kinematics increases and the data becomes public and standardized, 391 these can be used to further constrain the optimization search and thereby hone in on the space of 392 candidate models (Izquierdo, 2018) . 393 
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Model and Methods
394
The Model 395 We model a repeating unit of the ventral nerve cord based on a statistical analysis of the available 396 connectome data (Haspel and O'Donovan, 2011) . (Boyle et al., 2012) , which in 425 turn estimated them from experiments with anesthetized worms (Sauvage, 2007) . The forces from 426 the lateral and diagonal elements are summed at the endpoints of the rods and then the equations 427 of motion are written for the center of mass of each rod. Since each rod has two translational ( , 428 ) and one rotational ( ) degrees of freedom, the body model has a total of 3( seg + 1) degrees of 429 freedom. The current model has seg = 50, so a total of 153 degrees of freedom. The full set of 430 expressions for forces, as well as all kinematic and dynamic parameters are identical to those in 431 previous work (Boyle, 2009; Boyle et al., 2012) . 432 Muscles 433 Body wall muscles in the worm are arranged as staggered pairs in four bundles around the body (Wa-434 terston, 1988; Altun and Hall, 2009) . These muscles can contract and relax in the dorsoventral 435 plane. Following previous work (Izquierdo and Beer, 2018) , muscles are modeled as elements that 436 lie along the cuticle (Fig. 1) . The force of each muscle is distributed across all lateral elements that 437 they intersect. Because adjacent body wall muscles overlap one another in C. elegans, multiple 438 muscles can exert force on the same lateral elements. Since the model is 2D, we combine right 439 and left bundles into a single set of 24 dorsal and 24 ventral muscles. Muscle forces are modeled 440 as a function of muscle activation and mechanical state using simplified Hill-like force-length and 441 force-velocity properties (Hill, 1938) . 442 Following previous work (Boyle et al., 2012; Izquierdo and Beer, 2018) , muscle activation is mod-443 eled as a leaky integrator with a characteristic time scale ( M = 100ms), which agrees with response 444 times of obliquely striated muscle (Milligan et al., 1997) . The muscle activation is represented by 445 the unitless variable that evolves according to:
where is the total current driving dorsal and ventral ( = { , }) muscles along the body 447 ( = 1, .., 24). Also following previous modeling work (Boyle et al., 2012) and experimental evidence 448 that electrical coupling between body wall muscle cells plays only a restricted role for C. elegans 449 body bend propagation (Leifer et al., 2011; Wen et al., 2012) , inter-muscle electrical coupling is 450 assumed to be too weak and therefore not included in the model. O'Donovan, 2011) . We modeled the VNC as a neural network composed of seven identical 456 subunits (Fig. 1) . The anatomy of the repeating subunit was grounded on previous theoretical work, 457 where we demonstrated that a subset of the components present in the statistically repeating unit 458 found in the dataset were sufficient to generate dorsoventral oscillations (Olivares et al., 2018) . 459 The minimal configuration found in that work included motorneurons: AS, DA, DB, VD, VA, and 460 VB; and chemical synapses: DA→DB, DB→AS, AS→DA, AS→VD, VD→VA, and VD→VB. Given that 461 the subunits need to coordinate their oscillations with neighboring subunits in order to produce 462 forward locomotion, we added the following connections to adjacent neural subunits found in the 463 statistical analysis of the VNC (Haspel and O'Donovan, 2011) : AS⊢ ⊣VA +1 , DA⊢ ⊣AS +1 , VB⊢ ⊣DB +1 , where 464 the superscript +1 indicates that the neuron is part of the posterior subunit. We use this notation 465 to refer to interunit connections only; for intraunit connections we leave the superscript out. The 466 minimal configuration found in previous work (Olivares et al., 2018) did not include motoneuron 467 DD because of the lack of outgoing connections to the rest of the motoneurons within the unit, and 468 therefore its unlikeliness to be involved in the generation of network oscillations. As the current 469 model involves a neuromuscular system, and DD has neuromuscular junctions that allow it to drive 470 the muscles of the worm, we included it. We also included the connections to and from DD present 471 in the statistical analysis of the VNC (Haspel and O'Donovan, 2011) , including intraunit connections: 472 DA→DD, VA→DD, VB→DD, and VD⊢ ⊣DD; and interunit connections: DB→DD +1 , and VA +1 →DD. rons were modeled as nodes with simple first order nonlinear dynamics (Beer, 1995) ,
where represents the membrane potential of the th neuron relative to its resting potential. in the circuit (AS, DA, DB, VD, VA, and VB) and the specific connectivity between them is given 501 by the neuroanatomy (Fig. 1) . Self-connections were included in the chemical synapses term to 502 allow for the functional equivalent of active membrane conductances which have been reported 503 for C. elegans neck muscle motor neurons (Goodman et al., 1998) . This allows the neural model 504 to reproduce the variety of graded activity that has been described in the free-living nematode (Goodman et al., 1998) . 510 Numerical methods 511 The model was implemented in C++. The neural model was solved by Forward Euler method of 512 integration with a 0.5ms step. The body model was solved using a Semi-Implicit Backward Euler 513 method with a 0.1ms step.
514
Optimization strategy 515 As the parameters for physiological properties of neurons and synapses involved in forward 516 locomotion in C. elegans are largely unknown, we used an evolutionary algorithm to search through 517 the space of parameters for configurations that could produce forward movement without stretch- AS⊢ ⊣VA +1 ). One additional parameter, , describes the anteroposterior gain in muscle contraction. 533 Fitness function 534 Preliminary results established that evolving the complete neuromechanical model to generate 535 locomotion from scratch did not produce results reliably. In order to increase the rate of success 536 in the search process, we used an incremental approach to the optimization procedure. The 537 incremental approach involved two stages. During the first stage, we evolved a single VNC neural 538 unit, isolated from the body and environment, to oscillate (Fig. 10A) . Specifically, the fitness function 539 required that the B-class motoneurons oscillate and that the oscillation frequency matched what 540 has been observed for body bending in crawling worms:
where corresponds to a oscillation amplitude threshold ( = 0.5), corresponds to the output of 542 the motoneuron, corresponds to the duration of the simulation, is the frequency of neuron 543 , and a is the frequency of bending in the worm ( a = 0.44Hz (Cohen et al., 2012) ). The first 
Evolutionary searches 561
Evolutionary searches reliably found model configurations that matched worm forward locomotion. 562 We ran 160 independent searches with different random seeds. Of these, 104 solutions (65%) 563 reached a fitness greater than 0.95 on the final stage ( Fig. 10C) . Upon examination, all 104 successful 564 solutions exhibited locomotory behavior that resembled forward crawling in the worm.
565
Filtering strategy 566 All 104 evolved solutions moved with the body bending frequency and mean velocity that was 567 targeted during the evolutionary search. In order to focus on the subset of solutions that resemble 568 as closely as possible forward locomotion in C. elegans, we filtered this set of solutions to those 569 that matched a set of locomotion features that were not imposed during the evolutionary search. 570 We applied the following three criteria: (a) Relative role of the different neuron classes in forward , 1985) . Specifically, these studies reveal that ablating B-class motorneurons prevents forward 577 locomotion but not backward, and that ablating A-class motorneurons prevents backward but 578 not forward locomotion (Chalfie et al., 1985) . More input to muscles is necessary to produce forward locomotion but not the A-class, we simulated 585 each solution while eliminating the neuromuscular junctions from B-class motoneurons and from 586 A-class motoneurons, independently. We then evaluated the velocities of the model worms as a 587 result of this manipulation (Fig. 11A ). We selected solutions that met the following two criteria: (1) 588 eliminating the A-class neuromuscular junction does not seriously compromise locomotion (i.e., 589 velocity greater than 20% of target velocity); and (2) eliminating the B-class neuromuscular junction 590 does compromise forward locomotion (i.e., velocity less than 20% of target velocity). A total of 74 591 solutions fulfilled both criteria. , 2012) . We evaluated the body wavelength in all solutions and selected those that fell within 603 the observe range (Fig. 11B ). The anteroposterior curvature profile corresponds to the relative 604 amount of curvature along the body axis and has been shown to be more pronounced near the 605 head of the worm than the tail (Wen et al., 2012; Xu et al., 2018) . We evaluated the mean curvature 606 in the anteroposterior axis in all solutions and selected those with a negative slope in the linear 607 regression that fit the curvature profile ( Fig. 11B ). Altogether, we narrowed down the 104 solutions 608 to 30 that fulfilled both criteria (Fig. 11D) . 609 Trajectory curvature 610 The translational direction of C. elegans during forward locomotion tends to be relatively straight, 611 with only a small degree of curvature in the absence of stimuli (Mclntire et al., 1993; Peliti et al.,   612   2013 ). In the evolved model worms, the straightness in the trajectory was not optimized, so the 613 distribution of curvature in the translational trajectory is broad (Fig. 11C) . In order to filter out model 614 worms that curved much more than the worm during forward locomotion, we set a threshold of 1 615 mm in trajectory curvature radius ( Fig. 11C ) and we found 77 solutions that moved as straight as 616 the worm (Fig. 11D) , even in the absence of proprioceptive or sensory feedback. 
